Amphotericin B (AmB) is a very efficient drug against serious diseases such as leishmaniasis and systemic fungal infections. However, its oral bioavailability is limited due to its poor solubility in water. Nevertheless, it is marketed as high-cost lipid parenteral formulations that may induce serious infusion-related side effects. In this study, oil-in-water (O/W) microemulsions (MEs) were developed and characterized with a view to their use as solubility enhancers and oral delivery systems for AmB. Therefore, different nonionic surfactants from the Tween ® and Span ® series were tested for their solubilization capacity in combination with several oils. Based on pseudoternary phase diagrams, AmB-loaded MEs with mean droplet sizes about 120 nm were successfully produced. They were able to improve the drug solubility up to 1000-fold. Rheological studies showed the MEs to be low-viscosity formulations with Newtonian behavior. Circular dichroism and absorption spectra revealed that part of the AmB in the MEs was aggregated as an AmB reservoir carrier. Cytotoxicity studies revealed limited toxicity to macrophage-like cells that may allow the formulations to be considered as suitable carriers for AmB.
Introduction
Amphotericin B (AmB) is a polyene antibiotic with potent antifungal and leishmanicidal activities (Hartsel and Bolard, 1996; Ibrahim et al., 2012) . Its chemical structure is characterized by a glycosylated lactone with an amphiphilic polyhydroxyl region, a conjugated heptane chromophore and an amphoteric ion pair (Fig. 1) . As a consequence of both apolar and polar sides of its lactone ring and due to the presence of ionizable carboxyl and amine groups, AmB molecule presents both amphoteric and amphiphilic behavior (Damasceno et al., 2012) . As a result, AmB is poorly soluble in aqueous media and in many organic solvents (Torrado et al., 2008) . This low solubility leads to limited bioavailability and membrane permeability, which hinder the development of formulations for the oral route that is the most convenient and acceptable route for patients.
On the other hand, effective lipid parenteral formulations of AmB have been developed and marketed, but they have some serious limitations such as the inconvenience and complexity of the intravenous administration, the incidence of serious acute infusional side effects and the high cost that poses an important barrier for patients in developing countries (Wasan et al., 2009) .
Recently, lipid-based formulations have been extensively investigated as a suitable approach to improve the bioavailability of poorly soluble drugs after oral administration (Han et al., 2009) . When incorporated into these systems, the active molecule is believed to remain in solution throughout its period in the gastrointestinal tract (Pouton, 2006) . Additionally, the absorption of the drug could be enhanced by the presence of lipids as a result of stimulation of biliary and pancreatic secretions by the gallbladder, an increase in the gastric residence time and others (Dahan and Hoffman, 2008) .
Since microemulsions (MEs) are able to incorporate a wide range of drug molecules, increase their solubilization and bioavailability, and reduce their toxicity, they are promising delivery systems for oral administration of lipophilic molecules, such as AmB (Fanun, 2012; Pestana et al., 2008) . Therefore, the aim of this work was to develop oil-in-water (O/W) MEs based on long-and medium-chain triglycerides in order to increase the solubility of AmB and enable its use by the oral route. (Santos et al., 2012) .
Materials and methods

Materials
Chemicals
Sodium hydroxide (NaOH), chloride acid (HCl), amphotericin B (AmB) and HPLC grade methanol were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).
Surfactants
Span ® 20, Span ® 80, Span ® 85, Tween ® 20, Tween ® 80 and Tween ® 85 were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).
Lipids
Capryol ® 90 (C90), Capryol ® PGMC (CPGMC), Lauroglycol ® 90 (L90), Labrafac ® lipophile WL 1349 (LWL), Labrafac ® PG (LPG) and Peceol ® (Pec) were kindly supplied by Gattefossé S.A. (Saint-Priest, France). Corn oil and olive oil were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France).
Methods
Selection of oil and hydrophilic surfactant
Nonionic surfactants of the Tween ® series (Tween ® 20, 80 and 85) and the lipids mentioned in Section 2.1.3 were weighed and put into a series of screwcap test tubes in the ratios of 0.1:0.9, 0.2:0.8, 0.3:0.7, 0.4:0.6, and 0.5:0.5 (w/w) g of 1 g per batch, mixed together, and vortexed thoroughly. Afterwards, 100 L of distilled water was added to each oil-surfactant mixture in 20-25 L drops using a micropipette. After each drop of water was added, the system was vortexed for 15 s at room temperature.
Visual observations were made, and the clarity or turbidity of each sample was recorded. The isotropy of each system was also observed by light polarized microscopy through a Nikon E600 Eclipse direct microscope (Champigny/Marne, France) equipped with a long focus objective (LWD 40 × 0.55; 0-2 mm). A Nikon Coolpix 950 camera was used to record the images with a resolution of 1600 × 1200 pixels. The surfactant forming most clear systems was selected as the hydrophilic surfactant that best matched the tested lipid.
Selection of surfactant blends
The individual nonionic hydrophilic surfactant chosen in Section 2.2.1 was blended with the lipophilic surfactants of the Span ® series (Span ® 20, 80 and 85) in ratios of 3:2, 7:3, 4:1, and 9:1 (w/w) to produce blends of surfactants with various hydrophilic-lipophilic balances (HLBs) in the range of 9.7-14.4 (Table 1 ). The solubilization capacities of the blends of surfactants were studied using the same method as that used to study the other surfactants individually. The blend of surfactants forming a clear system at most of the ratios was selected as the blend that best matched the HLB of the tested lipid.
Construction of pseudoternary phase diagrams
After selection of the most suitable surfactant blend, pseudoternary phase diagrams were constructed based on the types of systems formed when the mixtures of lipids and surfactant blend were serially titrated by water followed by sonication. The systems were characterized by visual observation as described by Mahdi et al. (2011) (Table 2 ). The systems were also assessed regarding their isotropy by polarized light microscopy as described in Section 2.2.1.
Preparation of microemulsions
Based on the pseudoternary phase diagrams, the most suitable ratios of oil, surfactant blend and water for the production of O/W microemulsions were selected. The lipid was mixed with the Composition of the AmB-loaded and AmB-unloaded microemulsions.
Formulation
Oil Oil:surfactant weight ratio AmB ME 1 C90 1:9 − ME 2 C90 2:8 − ME 3 CPGMC 1:9 − ME 4 CPGMC 2:8 − ME-AmB 1 C90 1:9 + ME-AmB 2 C90 2:8 + ME-AmB 3 CPGMC 1:9 + ME-AmB 4 CPGMC 2:8 +
The surfactant blend selected for all the formulations comprised a mixture of Tween ® 80:Span ® 80 in the weight ratio of 9:1. ME 1, ME 2, ME 3 and ME 4 are AmB-unloaded formulations while ME-AmB 1, ME-AmB 2, ME-AmB 3 and ME-AmB 4 are AmB-loaded formulations. All formulations have 83.3% of water, 1.7% of oil and 15% of surfactant blend for ME 1, ME 3, ME-AmB 1 and ME-AmB 3, 3.4% of oil and 13.3% of surfactant blend for ME 2, ME 4, ME-AmB 2 and ME-AmB 4. The AmB containing formulations have 0.08% of AmB.
surfactant blend in the weight ratios of 1:9 and 2:8 and 5 mL of water (Table 3 ). The mixture was vortexed and subjected to sonication at 140 V for 60 s (Digital Sonifier, model 450, Branson Ultrasonic SA, France).
Drug incorporation
An excess of AmB was added to the blank MEs, and the systems were vortexed for 2 min. After stirring, the mixtures were left for 10, 30 and 60 min under magnetic stirring at pH 11 in order to evaluate the time necessary for the incorporation of AmB into the systems at 25 ± 0.1 • C. Thereafter, the pH was neutralized. The MEs were centrifuged at 10,000 × g in a Hitachi Himac CP-80 Ultracentrifuge (USA) for 15 min to remove the excess of drug. The supernatant was recovered and carefully filtered using a 0.22 m membrane. The filtrate was diluted and dissolved in methanol for the quantitative analysis of the AmB by HPLC.
2.2.6. Microemulsion characterization 2.2.6.1. Droplet hydrodynamic size, distribution and morphology. The droplet hydrodynamic size and distribution were evaluated by dynamic light scattering (DLS) using a Malvern-Zetasizer Nano ZS (Malvern, Worcestershire, UK). The morphology of the droplets of selected O/W MEs was observed by transmission electron microscopy (TEM) using an electron microscope JEOL 1400 (SamXPlus, France) equipped with a high resolution CCD Gatan digital camera (SC1000 Orius, France) and operated at 60 kV as the acceleration voltage.
2.2.6.2. Quantitative analysis of AmB. The incorporation of AmB was determined by high performance liquid chromatography (HPLC) using a Waters 2690 separations module, with a Waters 2487 dual absorbance detector (Waters, Guyancourt, France) and a C18 column (Interchim, 150 mm × 3 mm, 5 m). The mobile phase consisted of a solution containing methanol/water (80:20). An isocratic elution was performed with a flow rate of 0.5 ml min −1 . UV detection was performed at a wavelength of 406 nm and 25 L of sample was injected for each analysis. To determine the linearity of the method, different concentrations of AmB in the range 0.07-4 g mL −1 were prepared and analyzed.
2.2.6.3. Rheological behavior. The rheological properties of AmBloaded and unloaded MEs were determined using a controlledstress ARG2 rheometer (TA instruments) with cone-plate geometry. The cone-plate geometry is a 1 • Peltier plate aluminum cone with a 40 mm diameter and a truncation gap of 28 m between the cone and plate. The analyses were carried out with a shear rate in the range of 10 −3 -10 5 s −1 . All rheological determinations were carried out in triplicate for all samples and at 25.0 ± 0.2 • C.
2.2.6.4. Absorption and circular dichroism (CD). Absorbance measurements were made by using a Perkin-Elmer Lambda 11 UV-vis spectrophotometer. The CD spectra were recorded with a Jasco J-810 dichrograph, and ∈ (M −1 cm −1 ) is the differential molar absorption dichroic coefficient. These spectroscopic measurements were made at room temperature (around 20 • C) after dilution in water to a final AmB concentration of 0.3 mg/mL (path length of quartz cuvette: 1 cm) to evaluate the aggregation state of AmB in the formulations.
2.2.6.5. Toxicity of AmB-loaded microemulsions against macrophages. The cytotoxicity of the AmB-loaded and unloaded MEs was tested using the MTS [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay. The conversion of this salt by mitochondrial enzymes reflects the number of viable cells. J774.A1 cells (ECACC catalog number 91051511) were cultivated in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (both from Lonza Sales Ltd., Basel, Switzerland). For experiments, they were seeded into 96-well plates at 5000 cells/well and incubated for 24 h to allow adhesion. Samples of freshly prepared MEs (50 L) were added to groups of 6 wells at the following AmB concentrations: 1, 5, 10, 25, 50 and 100 g/mL. Wells without cells, but containing the same concentration of unloaded MEs were used to estimate background absorbance due to light scattering. The cells were incubated for 1 and 3 h at 37 • C and 0.5% CO 2 . Thereafter, 20 L of MTS was added to the cells and they were incubated for a further 2 h, after which the absorbance was measured using a 492-nm high-pass filter in a Multiskan MS microwell plate reader (Labsystem, Ramat-Gan, Israel). The mitochondrial enzymatic activity was expressed as a percentage of that of untreated control cells, after correcting for background absorbance.
Statistical analysis
Statistical analysis of the raw data was conducted using oneway analysis of variance (ANOVA) in Graph Pad Prism (Graph Pad software for Mac v. 6.0, San Diego, CA). Statistical significance of differences between two conditions was assessed using Tukey's post hoc method. Differences between different groups were considered statistically significant at p < 0.05. Triglycerides of oleic acid (55-85%), linoleic acid (7.5-20%) and palmitic acid (C16:0) (7.5-20%) 8
Results and discussion
3.1. Selection of surfactant and surfactant blends C90, CPGMC, L90, LPG, LWL and Pec are liquid at room temperature and they are mainly composed of mono-, di-and triglycerides of caprylic, capric, lauric and oleic acids. Their exact composition is listed in Table 4 , according to information from the supplier and the literature (Varka and Karapantsios, 2011) .
In order to develop MEs, an important parameter take into account is the HLB of the surfactant or surfactant mixture (Feng et al., 2009) . It is related to the contribution of both hydrophilic and hydrophobic fragments of a surfactant molecule. Generally, surfactants with HLB values between 8 and 20 are able to form O/W MEs, while W/O MEs are formed when the HLB range is 4-7 (Lawrence and Rees, 2012).
Tween ® 80 was shown to be the hydrophilic surfactant with the highest solubilization capacity when compared with Tween ® 20 and Tween ® 85. These emulsifiers have the same polar head, but different hydrophobic tails (lauric, oleic and oleic acid, respectively in Tween 20, 80 and 85). The length of these hydrophobic chains determines the interactions with the oil phase (Mosca et al., 2013) . In our experiments, we obtained clear mixtures of water and oil at the highest weight ratios for C90, CPGMC and L90. For the other oils tested, no clear mixture was obtained. Therefore, these were not used in further studies.
It is possible that the low HLBs of LPG, LWL and Pec: 2, 1 and 3 respectively, were responsible for the incompatibility between these lipids and the hydrophilic surfactants. Furthermore, the interactions between surfactants at an oil-water interphase are known to be highly dependent on the nature of the oil (Mosca et al., 2013) . Corn and olive oils are composed of long-chain triglycerides and probably showed a weak interaction with the surfactant from the same fatty acid derivative, as stated in the literature (Mahdi et al., 2011) .
It is known that a single surfactant is not sufficient to form single-phase microemulsions and an adequate mixture of surfactants may be required to optimize the microemulsion formation (Djekic et al., 2011) . The use of mixtures of nonionic surfactants is an interesting approach from the pharmaceutical point of view, since such surfactants are generally regarded as having low toxicity and irritancy and therefore, considered to be acceptable for oral administration. Additionally, the use of mixtures allows the individual concentration of each surfactant to be decreased, which may increase the biocompatibility of the final formulations (Djekic et al., 2011; Pouton and Porter, 2008) . Therefore, Tween ® 80 was mixed with the hydrophobic surfactants of the Span ® series to provide surfactant blends in order to screen and select the best surfactant mixture to prepare oil-in-water microemulsions.
The results obtained for the solubilization power of the surfactant blends revealed two mixtures as having the highest capacities: Tween ® 80/Span ® 20 7:3 (v/v) (M2) and Tween ® 80/Span ® 80 9:1 (v/v) (M8), the HLB values of the two blends being 13.1 and 13.9, respectively. Thus, these two surfactant blends were selected to study the phase diagram behavior of C90, CPGMC and L90.
Construction of pseudoternary phase diagrams
According to the pseudoternary phase diagrams, several types of dispersions could be produced by mixing C90, CPGMC and L90 with the surfactant blends M2 and M8 followed by titration with water. For instance, large areas of emulsions, microemulsions and some considerable areas of liquid crystal could be detected, as well as smaller areas of bicontinuous phase, cream and gel (Figs. 2 and 3) .
Both the surfactant blends M2 and M8 were able to produce some microemulsion-forming regions for the three lipids tested ( Figs. 2 and 3) . This seems to be coherent with the HLB values of surfactants or mixture of surfactants reported to be optimal for the preparation of microemulsions, since M2 and M8 presented very similar HLB values: 13.1 and 13.9, respectively. However, it was evident that both C90 and CPGMC were able to produce larger areas of O/W emulsions and O/W microemulsions than L90. Thus, propylene glycol esters of caprylic acid seem to be more appropriate for the preparation of O/W emulsions and microemulsions than propylene glycol esters of lauric acid. Furthermore, the phase diagram behavior of those lipids was not only affected by the HLB value of the surfactant, but also by the structure of the co-surfactant.
Previous studies have observed that in general the most stable emulsions are formed when the two emulsifying agents have the same hydrocarbon chain length, such as the combination between Tween ® 80 and Span ® 80, because of their similar chemical structure (Schmidts et al., 2009 ). Mahdi and coworkers stated that high solubilization capacity can be obtained when surfactants with the lowest and highest HLB values are mixed. In our case, we believe that the three chains of oleic acid esters in the molecule of Span ® 85 hinder the interaction with Tween ® 80. On the other hand, the interaction between Span ® 80 and Tween ® 80 proved to be more effective in reducing the oil-water interfacial tension and producing MEs. These formulations were used for further studies.
Microemulsion characterization
Regardless of the oil phase, DLS and TEM analysis revealed that drug-free and drug-loaded MEs were composed of spherical non-aggregated droplets with mean sizes around 80 and 120 nm respectively (Fig. 4) . This increase in the diameter of the ME droplets after the incorporation of AmB is explained by the fact that AmB has surface properties due to its amphiphilic behavior and is adsorbed at the oil-water interface (Franzini et al., 2012; Santos et al., 2012) . The polydispersity index was shown to be around 0.25 and 0.31 for unloaded MEs and AmB-loaded MEs, respectively.
When the quantity of encapsulated AmB by was measured by HPLC, it was shown that the drug incorporation was dependent on the volume fraction of the dispersed phase and ranged between 70% and 90%. These data highlight the fact that the MEs are able to increase the AmB solubility up to 1000-fold when compared with its solubility in water. It also gives further evidence for the strong interaction between the hydrophobic AmB molecule and the oil present in the ME (Franzini et al., 2012) . More precisely, the ME containing C90 as the oil phase at the weight ratio of 2:8 (oil:surfactant) gave the highest rate of incorporation of AmB. The incorporation time did not influence the amount of AmB incorporated, showing that the association occurred rapidly over 10 min.
Rheological behavior
The physicochemical characterization of delivery systems is an essential step in the pre-formulation process to predict the feasibility of the final products. Among the parameters for the characterization of MEs, rheology is a fundamental approach to investigate structural properties and acquire helpful information not only on the stability of such systems, but also on the handling, storage and pipeline transportation of MEs (Formariz et al., 2010; Pal, 2011) .
Although the rheological analysis indicated that the viscosity was very low for all the samples, it appeared to decrease at low shear rates between 10 −3 and 10 s −1 and remained constant at higher shear rates than 10 s −1 (data not shown). However, the flow curves revealed that all the ME systems showed a linear relationship between the shear stress and shear rate, which is a feature of Newtonian flow materials (Feng et al., 2009) (Fig. 5a and b) . These results confirm that our samples are discontinuous MEs. As reported by previous studies, discontinuous MEs show constant viscosity over a wider range of shear rates than bicontinuous MEs (Acharya and Hartley, 2012) . As a consequence of their low viscosity, such systems are considered suitable for oral delivery (Lawrence and Rees, 2012) .
The influence of AmB on the micro-organization of the MEs was investigated. No change in the linear profile of the flow curves was observed (Fig. 5b) , indicating that the drug did not influence the flow properties of the system.
Aggregate state of AmB
AmB self-associates in aqueous media, forming supramolecular aggregates. Monomers, and soluble and insoluble aggregates present in the dispersing medium determine the toxicity of AmB (Gaboriau et al., 1997; Silva-Filho et al., 2012) . In order to study the aggregation state of AmB molecules after incorporation into the MEs, the formulations were analyzed by circular dichroism and electronic absorption. These methods are useful and sensitive tools to identify changes in the conformation of AmB (Bolard et al., 1981) . The presence of 7 conjugated double bonds in this molecule leads to very characteristic spectra between 300 and 450 nm, which depend on conformational changes as a result of its self-association in water or its association with other compounds, such as lipids (Boudet and Bolard, 1979; Espuelas et al., 1998) . These distinctive optical properties of AmB enable its study by both electronic absorption and circular dichroism spectroscopy (Barwicz et al., 2002; Boudet and Bolard, 1979) .
As can be seen in Fig. 6a , the absorption spectrum of a stock solution of AmB in methanol after dilution in water to 0.3 mg/mL shows three bands at 410, which are characteristic of the monomeric form, 385, 365 nm and a smaller band at 344 nm. The absorption spectra for the MEs at the same concentration of AmB showed peaks at the same wavelengths, but with different intensities (Fig. 6a) .
In addition, a peak at 318 nm was detected at different intensities for each formulation. This is believed to indicate the presence of self-associated molecules of AmB. Thus, a part of the AmB in the MEs was shown to be aggregated. The formulation containing CPGMC as the oil phase at the weight ratio of 1:9 (ME-AmB 3) between oil to surfactant mixture showed the lowest proportion of aggregates and the highest proportion of monomers. Its spectrum appears to be very similar to that of AmB in methanol (Fig. 6a) .
These results are corroborated by the CD spectra of the MEs (Fig. 6b) . They reveal the dichroic doublet, which is characteristic of the aggregation state of AmB, for all the formulations with the center at 317 nm, with different intensities depending on the system. It is important to note that the CD spectra of AmB in water and in methanol are completely different (Fig. 6c) , with the latter one showing no dichroic doublet, which is characteristic of the monomer state of AmB. 3.6. Cytotoxicity profile Fig. 7a and b show the viability of J774 macrophages as determined by MTS conversion after contact with AmB-unloaded ME (ME 2), AmB-loaded ME (ME-AmB 2) and a solution of AmB in DMSO (AmB-DMSO) for 1 h and 3 h, respectively. The chosen formulation corresponds to the ME with C90 as the oil phase and 2:8 as the weight ratio between C90 and the surfactant mixture Tween ® 80:Span ® 80 (9:1) (w/w) (M4 on Table 1 ). Fig. 7 . Dose-response effects of AmB-unloaded and AmB-loaded MEs containing C90 as the oil phase in the weight ratio of 2:8 (oil:surfactant) (ME 2 and ME-AmB 2, respectively) and a solution of AmB in DMSO as a control (AmB-DMSO) on the cytotoxicity on mouse macrophages (J774 cell line) after (a) 1 h and (b) 3 h of incubation, in the MTS conversion assay. Results are presented as a percentage of the activity of untreated cells.
As can be seen in Fig. 7a , the cell viability exceeded 80% after 1 h for the concentrations 1, 5 and 10 g/mL, but fell to about 60% when the AmB concentration increased to 25 g/mL, or when the equivalent amount of unloaded MEs were added. This suggests that both blank and drug-loaded ME may be considered as having low acute toxicity probably induced by the volume of ME added to the medium, 50 L, which contains a large amount of Tween ® 80. On the other hand, after 3 h incubation the cell viability remained high at approximately 85% for the AmB concentrations of 1 and 5 g/mL while the blank ME and drug-loaded ME exhibited slightly higher toxic effects at higher concentrations of AmB. However, the formulations appeared to affect cell viability less than a solution of AmB in DMSO at the same concentration (Fig. 7b) . Similar results were obtained for the other three ME formulations (not shown).
The MTS assay revealed that the cytotoxicity of the MEs was time-dependent. There is an indication that the MEs reduce the cytotoxicity at low concentrations, although at AmB concentrations higher than 25 g/mL no advantage of the MEs could be observed. Regardless of the time of contact between the formulations and the macrophages, statistical analysis showed no significant differences for the low concentrations of AmB (1 and 5 g/mL) and the equivalent unloaded MEs, but they were significant for the concentrations of 10 and 25 g/mL and their corresponding unloaded MEs.
Conclusions
Our results demonstrate that it is important to select surfactants and mixtures of surfactants with not only a suitable HLB value, but also with structural similarity with the chosen oil phase for successful ME formulation. The best surfactant mixture to provide O/W ME with medium chain triglycerides based on caprylic esters as the oil phase was shown to have HLB value around 13. More precisely, Tween ® 80:Span ® 80 in the weight ratio of 9:1 was the surfactant providing greater solubilization capacity for C90 and CPGMC. They also improved the solubility of AmB up to 1000-fold and showed suitable rheological behavior for the oral administration. However, studies of electron absorption and CD spectra revealed the presence of aggregates of AmB. They are likely to be at the origin of the time-dependent cytotoxicity of our formulations, which were slightly less toxic than a solution of AmB in DMSO, although all formulations were well supported by J774 cells at concentrations up to 25 g/mL of AmB.
